We cloned and sequenced the cDNAs which code for rat cellular nucleic acid binding protein (CNBP). In-frame insertion/deletion differences were found among the clones at two sites in the open reading frame, suggesting alternative splicing of the message or the presence of multiple genes which code for this protein.
We screened a cDNA expression library for the clone which encoded the protein that binds to the 5' region of rat c-myc intron I, 1 using the in situ detection method of Vinson et al. 2 This region is known to be involved in positive and negative transcriptional control of the gene, and transcription pausing (our unpublished results. Also see review). 3 The nucleotide sequence of the binding site had three G-stretches (Fig. 1) .
One clone, AMAS, was obtained after screening 10 6 phages of a Agt 11 rat liver cDNA expression library (Clontech). The insert was excised as a 1.5-kb EcoKI fragment and subcloned into pBluescript SK(+). Both strands of the insert of the obtained plasmid, pMAS, were then sequenced. A polyadenylation signal and poly(A) stretches were found at one end of the insert. A homology search of the nucleotide sequence of the GenBank database revealed a high degree of similarity to human CNBP cDNA. 4 We then screened another Agt 11 rat liver cDNA library (randomly primed, Clontech) using a 316-bp fragment at the 5'-end of the pMAS insert as a hybridization probe. Three clones (AS2, AS3, and AS5) were obtained from among 2.0xl0 6 phages. After subcloning to the plasmids as described above, the inserts were sequenced. All three clones carried sequences that were nearly identi- cal to that of the AMAS insert to the 3'-end, but some discrepancies were found at both ends and in the internal regions among the four clones. The 3'-heterogeneities all consisted of truncation of the longest clone pS2, and were found outside the coding region. This heterogeneity could be explained by the different usage of the polyA signal or oligo dT-priming at internal A-clusters during library construction. The four clones also showed different 5'-structures. We performed RT-PCR of rat liver total RNA 5 using one primer which had a 5'-end sequence specific to each clone and another primer which had a sequence of a common region. One reaction, using a sequence of pS2 as the 5' primer, yielded amplification product, indicating that mRNA with the same sequence as the pS2 insert is expressed in rat liver. Primer extension analysis using rat liver total RNA revealed that the mRNA extended an additional 150 bases upstream of the 5' end of the pS2 insert (data not shown). By 5' Rapid amplification of cDNA end (5'RACE) using rat liver total RNA as a template, 6 an additional 24 nucleotides upstream of the 5' end of the pS2 insert were obtained.
The composite nucleotide sequence of the pS2 insert and the 5'RACE product, together with the deduced amino acid sequence of the putative coded protein, are shown in Fig. 2 . In clone pS5, a 21-bp in-frame deletion was found at bases 269 to 289 of the composite. The cDNAs of rat and a reported human homolog showed identical flanking nucleotide sequences for this deletion. The TTGGG.GTAGGCCGGGGCGqAGTTGGGGTGGAfTCTGAGT exact ends of this deletion could not be defined because of the presence of a direct repeat sequence, AGAGG, at both ends of the deletion. Thus, the deletion could consist of either GT at the 5'-end, or AG at the 3'-end. In either case, the end sequences match the consensus sequences of a splice donor or acceptor sites, respectively, which suggests that alternative splicing may produce this heterogeneity. Both insertion/deletion differences were confirmed by RT-PCR. Another plausible explanation for this difference between the clones is polymorphism or the existence of other related genes. An examination of the genomic structure of this gene is needed to answer this question. A 3-bp insertion of AAG was found in the pMAS sequence (between bases 383 and 384 of the composite). RT-PCR analyses using several rat tissue RNAs revealed that both mRNA species are present in various normal rat tissues, although in varying proportions (data not shown). These differences may also be due to alternative splicing, polymorphism or the presence of closely related genes. The amino acid sequence of the putative protein contains 7 repeats of a zinc finger motif which resembles a retroviral CCHC-box (C-X 2 -C-X 4 -H-X 4 -C).
7~9 Heterogeneities found among the clones do not destroy any of these zinc fingers, i.e., the 21-bp insertion of pS5 is located between the first and second CCHC boxes, and the 3-bp insertion of pMAS is located between the second and third CCHC boxes. Another characteristic of this protein is a glycine-rich region, found between the first and second CCHC boxes. About one-fourth (26%) of the 34 amino acid residues in this region are glycine.
Next, we generated two GST-CNBP fusion proteins (GST-S2 and GST-S5) in E. coli and analyzed the nucleic acid binding activity of these proteins. The PstI fragments of pS2 and pS5 which encompass the entire coding region were excised, blunt-ended by the Klenow fragment of DNA polymerase I, and inserted into the Smal site of pGEX-3X (Pharmacia, Uppsala, Sweden). In this construct, the fusion proteins produced should include the amino acid sequence of the whole rat CNBPs from the first methionine to the C-termini, with two amino acids attached at the N-termini. The crude lysates of the transformed E. coli were subjected to an electrophoretic mobility shift assay. Sense and antisense RNA probes of the rat c-myc intron 1 sequence (+492 to +580 from the second promoter of the gene) were generated by PCR using appropriate primers with T7 phage promoter, followed by in vitro transcription. 10 As shown in Fig. 3 , only the sense RNA probe specifically bound to the GST-S2 and GST-S5 fusion proteins. The GST protein did not bind to any of the probes. Competition experiments using singlestranded oligodeoxynucleotides revealed that binding was inhibited by oligomers that carried the third G-stretch of the probe. We did not detect any difference in RNA binding activities between these two GST-CNBP fusion proteins. Thus, the GST-CNBP fusion proteins were shown to bind to single-stranded RNA in a sequence-specific manner.
The nucleotide sequence of the coding region of rat CNBP cDNA shared 95.3% identity with its human ho- (Fig. 1 ) was added at 100-fold excess of the probe.
rnolog. Homology in the 5'-untranslated region between the two species was 74.5%; however, the deduced amino acid sequence of rat CNBP was completely identical to its human homolog. This striking conservation, together with the fact that the homolog has also been found in fission yeast (byr 3) u suggests that this protein may have played a crucial role in eukaryotic cells throughout evolution.
Recently, multiple CCHC boxes have also been found in Leishmania HEXBP, 12 Tetrahymena cnjB product, 13 Caenorhabditis glh-1 product 14 and Crithidia fasciculata UMSBP. 15 The CCHC boxes are considered a zinc finger motif for single-stranded nucleic acid binding, 16 and one or two copies of the prototypical CCHC box are present in retroviral nucleocapsid proteins, or gag. The gag proteins are thought to bind to viral RNA and play essential roles in dimerization and packaging of the viral RNA genome. 17 ' 18 Several mutagenesis experiments using gag have shown that the CCHC box is essential for RNA packaging, which suggests that the box has a specific role in protein-RNA interactions.
The in vivo function of CNBP is unclear. Initially, CNBP was believed to bind to sterol-regulatory element (SRE) in the HMG-CoA reductase gene and negatively control its expression. 4 However, at this time, the protein does not seem to be directly involved in sterol homeostasis, and is believed to play an important role in cell survival under oxysterol-induced cell death of lymphoid cells. 19 Our results suggest that CNBP binds to singlestranded RNA in a sequence-specific manner, although the biological role of this protein is unclear. The relationship between c-myc gene expression and CNBP also remains unknown. Single-stranded nucleic acid may be involved in several steps of gene expression, e.g., in transcription, mRNA maturation and transport, or translation. Recently, a cDNA of single-stranded DNA binding protein (FBP) was isolated as a regulator of c-myc expression which interacts at the far upstream element of the human c-myc gene. 20 However, there are no apparent homologous regions between FBP and CNBP. The unique structural characteristics of CNBP, which has no apparent functional domains other than the zinc fingers, suggest that the mechanism of any kind of action of this protein may involve interaction with single-stranded nucleic acids or other proteins via fingers.
